[1] We have estimated the magnetospheric local mass density using the frequency of the toroidal standing Alfvén waves detected with the magnetic (B) and electric (E) field experiments on the Combined Release and Radiation Effects Satellite (CRRES), which had a low-latitude elliptical orbit (6.3 R E apogee and 18°inclination). A 73-day period in 1991, which included several geomagnetic storms, was chosen for analysis because the spacecraft was located on the afternoon sector where toroidal waves are routinely excited. Dynamic spectra of the B and E fields were generated for each CRRES orbit for visual identification of toroidal mode ULF waves excited at a number of harmonics. The fundamental mode is the most persistent feature in the spectra, and this mode appears more clearly in the electric field than in the magnetic field. For statistical analysis we determined the fundamental frequency f 1 from a separate set of electric field spectra that were computed in a moving 20-min time window with 10-min overlap. The frequency is in the range of 1.7-14.2 mHz. The local mass density consistent with f 1 was obtained by numerically solving a magnetohydrodynamic wave equation that incorporated the Tsyganenko magnetic field model and an analytical form of field-line mass density variation that was derived from a recent study of toroidal harmonics. We combined the estimated mass density with the local electron number density n e derived from the plasma wave spectra at CRRES to obtain the local average ion mass M (=r/n e ). A total of 1094 M samples were obtained, with the majority (95%) coming from the plasmatrough region (n e < 100 cm À3 ). Our technique for the mass density is confirmed to be reliable because only 3.5% of the M samples lie outside the physically plausible range of 1 amu (all-H + plasma) to 16 amu (all-O + plasma). The average ion mass has a median value of 3.0 amu and depends on geomagnetic activity. For example, M is 2.5 amu for Dst = 0 and 4.1 amu for Dst = À60 nT. There is a similar dependence of M on Kp, but only when the Kp values are averaged over a few days. There is no strong dependence of M on the magnetic field L shell in the range L = 4 to L = 8 covered by the f 1 samples, although M is significantly low (<2 amu) for the plasmaspheric regime (n e > 100 cm À3 ).
Introduction
[2] Plasma mass density, r, is one of the fundamental quantities characterizing the magnetospheric plasma. The density is a measure of ions supplied from the topside ionosphere, determines the inertia of the plasma, and governs the time constants of the magnetohydrodynamic (MHD) response of the magnetosphere to disturbances in the solar wind and the coupling between the magnetosphere and the ionosphere. Any effort to model the structure and dynamics of the magnetosphere and their connection to the ionosphere and solar wind must include properly evaluated mass density. Despite the importance of this information, studies of mass density based on direct particle observations are limited in spatial and temporal coverage [Chappell, 1972; Horwitz et al., 1984; Comfort et al., 1988; Craven et al., 1997; Su et al., 2001] . The main reason for this lack of information is that ions contributing to the mass density have energies below 100 eV, which are not fully covered by most particle experiments on board satellites. In contrast, there have been comprehensive studies of the ion composition in the ring current energy range (1 -300 keV) and its dependence on geomagnetic activity [Young et al., 1982; Hamilton et al., 1988] . Also, it is much easier to study the electron number density using plasma wave experiments [e.g., Moldwin et al., 2002] or electric field experiments [e.g., Laasko et al., 2002] .
[3] In this study we estimate the mass density and the contribution of heavy ions to the mass density by using information available from ultra-low frequency (ULF) waves and plasma waves observed from the Combined Release and Radiation Effects Satellite (CRRES). We discuss the heavy ions based on the simple relationship where r is the mass density, n e is electron number density, m e is electron mass, n i and m i are the number density and mass of the ith ion species, respectively, and M is the average ion mass. In the last two expressions of this equation the electron mass is neglected because it is much smaller than the ion mass. The value of M should be somewhere between 1 amu (all-H + plasma) and 16 amu (all-O + plasma) depending on the relative density of heavy ions.
[4] We estimate the mass density using the frequency of standing Alfvén waves. Alfvén waves propagate along the magnetic field and their velocity is given by
where B is the magnetic field intensity and m 0 is the permeability of free space. Consequently, the frequency of standing Alfvén waves depends on the magnetic field intensity, field line geometry, and the mass density variation along the magnetic field. If we specify the magnetic field by a model, the observed frequency can be related to the mass density. This technique has been widely applied to ULF waves observed both on the ground [Waters et al., 1996; Menk et al., 1999; Loto'aniu et al., 1999; Chi et al., 2000] and in space [Denton et al., 2001 [Denton et al., , 2004a Takahashi et al., 2002 Takahashi et al., , 2004 . Note that standing Alfvén waves exhibit a variety of polarization in the plane perpendicular to the ambient magnetic field and that the frequency of the waves depends on the polarization [Cummings et al., 1969; Denton et al., 2003; Klimushkin et al., 2004] . We will use standing Alfvén waves with fluid motion in the east-west direction. These waves are called toroidal waves [Radoski and Carovillano, 1966] and are the most commonly observed pulsation type in the dayside magnetosphere Takahashi and Anderson, 1992] . The field components of the idealized toroidal waves are the azimuthal magnetic field B j (positive eastward) and the radial electric field E n (positive outward).
[5] The electron number density is estimated using two commonly observed features of plasma waves [LeDocq et al., 1994] . One is the cutoff of continuum radiation that occurs at the plasma frequency w pe , which is given by
where e is the electron charge and e 0 is the permittivity of free space. The other is the narrow-band emission at the upper hybrid resonance frequency w UHR , which is given by
If we know the local B, which is the case with the CRRES spacecraft, then we can uniquely relate w UHR to n e .
[6] Magnetospheric mass loading by heavy ions has been discussed based on mass density and electron density inferred from ULF waves and very low frequency (VLF) waves, respectively, detected on the ground [Menk et al., 1999 [Menk et al., , 2004 . Unfortunately, average ion mass derived from this technique has a large uncertainty because the ULF (standing Alfvén) waves and VLF (whistler) waves are usually detected on different field lines. By contrast, spacecraft measure ULF waves and electron density (through plasma wave spectrum) on the same field line. We believe that the spacecraft-based technique provides more reliable information on heavy ions than the ground-based technique. We obtain for the first time a large number of density estimates from the CRRES data set to make a comprehensive statistical study of the position and geomagnetic activity dependence of the plasma mass density and average ion mass.
[7] The remainder of this paper is organized as follows. Section 2 shows pulsations observed on a sample CRRES orbit and describes the technique to relate the pulsation frequency to the mass density and the average ion mass. Section 3 presents statistical analyses of the mass density and the average ion mass. Section 4 discusses the sources of the error in mass density estimate and compares our results with previous particle measurements. Section 5 presents conclusions.
Sample CRRES Orbit
[8] This section describes the technique to determine the toroidal frequency and to estimate the mass density from the frequency. Figure 1 shows CRRES data in a full-orbit format that is used for identifying toroidal waves. CRRES had a 1.05 Â 6.3 R E elliptical orbit with an inclination of 18°, an orbital period of $10 hours, and a spin period of $30 s. The data in this figure originate from the magnetic field experiment , the electric field experiment , and the plasma wave experiment . The field data have been spin ($30 s) averaged, then sampled twice per spin resulting in $15-s sampling intervals, and rotated into a local coordinate system in which e m is along the 150-s running averages of the measured magnetic field vector, e j is the perpendicular to e m and points eastward, and e n (outward) completes a right-handed orthogonal system n-j-m. The time resolution of $15 s corresponds to a Nyquist frequency of $33 mHz, which is high enough for capturing the fundamental toroidal frequencies outside of L = 4 (see Figure 5 of Takahashi et al. [2004] ). The panels show from top to bottom the electron number density n e that was derived using equation (3) or (4), the dynamic power spectral density (PSD) of E n , the PSD of B j , and the E n À B j cross phase, which is the phase difference between Fourier-transformed E n and B j . The cross phase is defined positive when E n leads B j and is displayed against the white background only when the coherence is higher than 0.7. The satellite location is shown at the bottom using geocentric distance R (R E ), dipole magnetic latitude (MLAT, degrees), and dipole magnetic local time (MLT, hours) . In this example the spacecraft was close to the magnetic equator and the apogee occurred at $1500 MLT.
The electron density indicates a sharp change at 1200 UT and at 1900 UT, which we identify to be plasmapause crossings.
[9] Both E n and B j show strong spectral power from 1230 UT to 1700 UT, mostly outside the plasmasphere, in a narrow band centered at about 5 mHz. In this band the E n À B j coherence is higher than 0.7 and the cross phase appears in blue, which means that B j leads E n by approximately 90°. The stable frequency, high coherence, and 90°cross phase observed below the magnetic equator are all evidence that the 5-mHz oscillation is a fundamental toroidal mode. The fundamental mode is usually the most powerful in the electric field when observations are made near the magnetic equator because there is a general tendency of externally driven standing Alfvén waves to have maximum energy at the lowest harmonic mode and because the electric field of odd-harmonics has an amplitude maximum (antinode) at the magnetic equator. By contrast, the magnetic field of the fundamental mode is often difficult to detect because it has an amplitude minimum (node) at the equator [Singer and Kivelson, 1979] .
[10] On this orbit a sudden intensity enhancement occurred at 1510 UT. This coincides with the magnetic field compression caused by a sudden increase in the solar wind dynamic pressure detected by the IMP-8 spacecraft (data not shown). Excitation of toroidal waves in this manner has been well documented [Baumjohann et al., 1984] . The fundamental mode is the strongest in the En component both before and after 1510 UT, and the frequency of the mode does not change much.
[11] For the subsequent statistical analysis the fundamental toroidal frequency, f 1 , is determined in a moving 20-min time window that was shifted by 10 min in successive steps through each CRRES orbit. To determine the f 1 values, we first identify all spectral peaks in E n in an automated procedure employing the maximum entropy method (MEM) with a fixed MEM order of 10 as described by Takahashi et al. [2004] . To ensure that we select only toroidal waves, we impose the condition that the electric field spectral power is higher in the radial component than in the azimuthal component. In addition, each event is required to satisfy f/Df > 3 as a condition for narrow-band oscillation, where Df is the full spectral width at half maximum. We describe the width of ULF wave spectra in the fractional form f/Df because it is directly related to the Q value of the waves. In our experience with various ULF waves, f/Df is lower than 10, with a typical value around 3. Once the spectral peaks are identified they are plotted in the frequency-time format to be compared with dynamic spectra of the format shown in Figure 1 . The comparison allows us to determine the fundamental frequency with confidence when the MEM spectrum contains multiple peaks.
[12] Figure 2 shows the toroidal frequency and related parameters for orbit 961. The fundamental frequency Figure 1 . Electron density and dynamic spectra of the toroidal components of the electric and magnetic field for CRRES orbit 961. The spectra were computed using Fourier transform in a time window of 24 min, which stepped forward in 6-min increments. Spectral parameters were smoothed by 3-point averaging. The satellite location is shown at the bottom using geocentric distance R (R E ), dipole magnetic latitude (MLAT, degrees), and dipole magnetic local time (MLT, hours).
( Figure 2a ) is in the range of 3.6 to 5.7 mHz, with the minimum value registered near the satellite apogee. Except near the plasmapause, the toroidal frequency is usually a decreasing function of radial distance, and this orbit is not an exception. Figure 1 shows that the frequency samples are taken outside the plasmasphere. The data gap from 1350 UT to 1450 UT is the result of the f/Df > 3 condition: there were toroidal oscillations in this interval but their spectral peaks were not sharp enough. The electron density values shown in Figure 2b are log averages taken over the same 20-min windows used for the computation of the pulsation spectra.
[13] The plasma mass density shown in Figure 2b was obtained using a technique similar to that described by Takahashi et al. [2002] . Briefly, we numerically solve a standing Alfvén wave equation that can use any magnetic field models [Singer et al., 1981] . Toroidal polarization is specified by selecting two field lines azimuthally separated by small distances and defining the field line separation vector required for the numerical solution along the field lines. The ionospheric footprints of the field lines are assumed to be fixed at an infinitely conducting ionospheric boundary at 400-km altitude.
[14] The magnetic field model used for the computation is either T89c [Tsyganenko, 1989] or T96 [Tsyganenko, 1995 [Tsyganenko, , 1996 . The only external input to the T89c model is the Kp index. The T96 model takes the Dst index, solar wind dynamic pressure, and interplanetary magnetic field (IMF) as input parameters. We used the T96 model if solar wind data are available in the NASA Omni database (http:// nssdc.gsfc.nasa.gov/omniweb/) and T89 otherwise. To correct for the mismatch between the measured and model fields, we multiplied the model field intensity by the factor B obs /B model all along the field line, where B obs is the magnetic field magnitude observed by CRRES and B model is the magnitude from the model for the satellite position. This is effective in reducing the error in the Alfvén velocity around the equator, which is the main contributor to the toroidal frequency because the Alfvén velocity is lowest there [Denton and Gallagher, 2000] .
[15] We depart from previous studies in that we incorporate the field line variation of mass density obtained from the statistics of toroidal harmonic frequencies reported by Takahashi et al. [2004] . That is, we adopt the model,
where L is the equatorial geocentric distance of the field line, R is the geocentric distance to the field line, and r eq is the equatorial mass density. Some early studies [e.g., Orr and Matthew, 1971] used an R À4 model outside the plasmapause to approximate the collisionless distribution derived theoretically [Angerami and Carpenter, 1966] . Our model density decreases with increasing radial distance more slowly than the R À4 model. The dependence of estimated mass density on the choice of field line density model is discussed in section 4.1.
[16] We can solve the wave equation to obtain the eigenfrequency and eigenmode structure of toroidal harmonics for an arbitrarily chosen equatorial mass density (denoted r eq_theory ). The fundamental mode is identified as the one with the lowest frequency (denoted f 1_theory ) and the longest wavelength. The estimated equatorial mass density r eq_est is then obtained by using the relation
where f 1_obs is the experimentally determined fundamental frequency (denoted simply f 1 in Figure 2a ). Equation (6) follows from the fact that the frequency f of standing Alfvén waves scales as f / L/(B eq /(r eq ) 1/2 ) if the magnetic field model and the functional form of mass density variation along the magnetic field line are fixed. Once the equatorial density is determined, equation (5) gives the estimated mass density anywhere along the field line, including the satellite location. The average ion mass, shown in Figure 2c , fluctuates somewhat, but it stays between 2.4 and 5.0 amu. The data points labeled ''r'' in Figure 2b and in the remainder of this paper were obtained by this procedure and give local values at the satellite location. The electron density labeled ''n e '' also refers to the local values determined from the plasma wave spectrum obtained at the satellite location. As a consequence, M also represents the local value of the average ion mass.
Statistical Results

Value of Average Ion Mass
[17] We have selected a 73-day period corresponding to CRRES orbits 900 (1 August 1991) through 999 (13 The electron number density determined from the plasma wave experiment on CRRES and the mass density derived from the observed toroidal frequency. (c) The average ion mass, which is mass density divided by electron density.
September 1991) for a statistical analysis of the density. In this period the apogee of the CRRES orbit was located in the afternoon sector and toroidal oscillations were observed on almost all orbits. Figure 3 shows the location of the spacecraft in the L T -MLT T coordinates for the 1094 f 1 samples selected using the criteria described in section 2. In this figure L T , the field line shell parameter, is the maximum geocentric distance R max (in R E ) to any point along the model magnetic field that passes through the position of CRRES; MLT T , the magnetic local time, is the azimuth of this point measured about the dipole axis from the sunward direction in units of hours. Thus L T and MLT T roughly correspond to the dipole field L and MLT, but L T and MLT T are based on the Tsyganenko magnetic field model. Toroidal waves were detected from L T $ 3 to L T $ 8 but most events were observed outside of L T = 5. This is in part due to the fact that the spacecraft spent longer times at larger distances. The lower L T cutoff is caused by the 15-s time resolution of the electric field data used. The toroidal frequency increases with decreasing L T and the fundamental frequency can become higher than the 33-mHz Nyquist frequency of the electric field data inward of L T = 3. Also, the rapid spacecraft radial motion and associated rapid change in toroidal frequency, within the fixed time window of 20 min, makes it difficult to identify sharp spectral peaks at small distances.
[18] The satellite distance (in terms of L T ), observed frequency f 1 , local electron density n e , local mass density r, local average ion mass M, and geomagnetic indices for the whole period of analysis are shown in Figure 4 as time series plots. Samples of f 1 are available on most orbits, covering various phases of geomagnetic storms. The f 1 data points as well as the corresponding n e and r data points are spread vertically because of the strong radial distance dependence of these parameters as can be seen on individual orbits (e.g., Figure 2 ). The range of observed f 1 is 1.7 to 14.2 mHz, and n e and r vary by two orders of magnitude. The statistical properties of the plotted parameters are examined below.
[19] The overall validity of our approach to calculating the mass density is demonstrated in the relationship between r and n e . Figure 5 shows that r and n e are positively correlated in a range spanning approximately 2 decades, with the low and high values corresponding to large and small satellite distances, respectively. The range of r is 7.0 to 3500 (amu cm
À3
) and the corresponding range of r eq is 6.3 to 3400 (amu cm À3 ). The data points are scattered considerably but are bounded by the two straight lines corresponding to M = 1 amu (all-H + plasma) and M = 16 amu (all-O + plasma). The minor exceptions are the 36 data points (3.3%) lying below the lower line and two data points (0.2%) lying above the upper line. We conclude that the average ion mass (= r/n e ) lies in a physically plausible domain most of the time. We will discuss in section 4 possible reasons for M values smaller or greater than the physically possible values. Figure 6 shows the histogram of M based on the same 1094 samples. The fine bin scale, M = 0.2 amu, chosen for this plot produces some fluctuations, but overall the distribution has a single strong peak around the median value of 3.0 amu.
The lower and upper quartile values are 2.1 amu and 4.3 amu, respectively.
[20] There is no clear radial distance dependence of M. Figure 7 shows the radial distance dependence of n e , r, and M. In each panel the dots are individual samples, the heavy dots connected by a straight line are the medians in the radial distance bins, and the vertical bars connect the lower and upper quartiles. Figure 7a indicates that both n e and r decrease monotonically with L T . Figure 7b shows that the median M does not depend much on the distance, staying at M $ 3 amu from L T = 4.5 to L T = 8. The median M goes down to 2.3 amu for L T = 4.0, but the smaller number of samples for this innermost distance bin makes it to difficult to determine the significance of this variation.
[21] We have also examined whether M varies between the plasmasphere and the plasmatrough by plotting M versus n e (Figure 8) . The value of M shows a clear transition from high ($3 amu) to low (below 2 amu) as n e increases from lower than 20 cm À3 (plasmatrough) to higher than 100 cm À3 (plasmasphere). Therefore the dense plasmaspheric plasma appears to be more hydrogen rich that the less dense, warm plasmatrough plasma that is presumably coming from the magnetotail. This is consistent with the scenario that heavy ionospheric ions (e.g., O + ) escape from the polar ionosphere but return to the ring current region without much loss [Seki et al., 2001] . Although comparison between the two plasma density regimes is interesting, we will not be making a distinction between them in the following analyses. As the majority (95%) of the M samples corresponds to n e < 100 cm À3 , it is obvious that our results shown below are almost exclusively pertinent to the plasmatrough region.
Geomagnetic Activity Dependence of the Average Ion Mass
[22] As stated in the introduction, the flux of heavy ions, relative to H + , in the ring current energy range is known to increase at times of high geomagnetic activity. In the present study we cannot distinguish the contribution of individual heavy ion species but are able to determine their total contribution to the mass density. In the time series plots, the local densities n e (Figure 4c ) and r (Figure 4d) show a large spread because on each orbit the data samples come from a wide range of radial distances. Consequently, it is not clear whether the density depends on the geomagnetic activity. In contrast, the average ion mass M exhibits a clearer dependence on geomagnetic activity. In Figure 4f there are several episodes of rapid decrease in Dst, and each Dst decrease is accompanied by an increase in M. The most obvious example of this correlation is seen during the storm that started on day 231 (19 August) and exhibited a Dst minimum of À170 nT.
[23] Figure 9 shows the Dst dependence of M. Note that the Dst value increases from right to left so that events associated with a strong ring current appear toward the right. The individual samples are shown by small dots. Median statistics are made in 10-nT Dst bins. The results are displayed with large dots and vertical bars are drawn between the lower and upper quartiles. The median values are displayed only in Dst bins containing more than nine samples. Although there is a considerable spread of the data, the median values indicate a clear tendency to go up with decreasing Dst, from 2.6 amu for Dst = 0 to 4.5 amu for Dst = À60 nT. The median M decreases as Dst decreases from À60 nT to À80 nT and then goes up for Dst = À100 nT. However, the statistical significance is probably low for Dst < À60 nT because of the small number of samples.
[24] Another notable feature of Figure 9 is that M tends to be small, even smaller than1.0 amu, for positive Dst. Large positive values of Dst usually mean that the solar wind dynamic pressure is high while the ring current is weak. In fact we find that all of the 11 unphysically small (<1.0 amu) M values that appear in the positive Dst domain come from a single CRRES orbit during which the magnetospheric magnetic field was strongly compressed and field lines significantly departed from a dipolar configuration. In section 4 we will provide a quantitative discussion of the consequence of the field compression/deformation to the inferred mass density.
[25] Figure 10 shows the M À Kp scatterplots for Kp values defined in three ways. In Figure 10a the Kp values are obtained by linear interpolation of the official 3-hour Kp values to the time center of the 20-min time window of each pulsation spectrum. In Figures 10b and 10c the Kp values are the averages over a 1.5-day and 3.0-day timescale, respectively, previous to the time of the toroidal wave events. Following Gallagher et al. [1988] , we calculate the average at the current time t by averaging over earlier times t 0 using the weighting factor exp(À(t À t 0 )/t 0 ), where t 0 = 1.5 days (Figure 10b ) or 3.0 days (Figure 10c ) [Denton et al., 2004b] . Median statistics are taken in Kp bins in the same manner as in Figure 9 . There is no correlation between M and Kp in Figure 10a , but in Figures 10b and 10c a positive correlation emerges. This means that the change in M with respect to geomagnetic activity as indicated by Kp has a time constant of a few days.
[26] We have also examined the dependence of r and n e on geomagnetic activity, and the results are shown in Figure 11 . We have noted in Figure 4 that both r and n e exhibit a strong radial gradient (see Figure 7) . To remove the radial distance dependence, we have limited the samples for Figure11 to those observed in a limited radial distance range of 6 < L T < 7. As expected, a positive M dependence on ÀDst and Kp emerges for these samples, confirming the features seen in Figure 9 and Figure 7b .
[27] Let us focus on the right column of Figure 11 , where the Kp dependence is illustrated using the 1.5-day Kp values defined in Figure 10 . The upper panel shows that the median r increases by a factor of 1.7 from 34 amu cm À3 to 58 amu cm À3 over the Kp range from 2.7 to 5.0 (we neglect the median value for the Kp = 2.3 bin, which contains a small number of samples). By contrast, the median n e over the same Kp range, shown in the middle panel, varies by a smaller factor of 1.3 between 9.5 cm À3 and 12.7 cm À3 and lacks a monotonic dependence on Kp. The bottom panel shows that the median M increases by a factor of 2.0 from 2.7 amu to 5.2 amu. From comparison of the three parameters we can conclude that the larger mass density observed at higher Kp is accounted for mainly by the increased presence of heavy ions rather than by increased plasma number density. The Dst dependence, shown on the left column, is qualitatively the same.
Discussion
Choice of Field Line Mass Density Model
[28] Choosing a realistic field line density model is important for obtaining good mass density estimates using ULF waves. We have adopted the widely used functional form (LR E /R) a for the mass density but differ from some previous studies in that we chose a = 0.5 instead of 4 [Orr and Matthew, 1971; Loto'aniu et al., 1999; Chi et al., 2000] . To examine the influence of the exponent a on our results, we have repeated the computation of the average mass density using the a = 4 density model, denoted M(a = 4), for all the toroidal wave frequency samples. The results are compared in Figure 12 with the average mass density for the a = 0.5 model, denoted M(a = 0.5). In this figure, we have limited the data to points for which L T > 6. Our statistics are better for the data that lie in this range; furthermore, theoretical arguments have been made favoring a = 4 in the plasmatrough [Angerami and Carpenter, 1966] , which most often characterizes the plasma at these distances. The results of Takahashi et al. [2004] indicate that at L T > 6 the mass density distribution is nonmonotonic, with a local maximum at the magnetic equator and a local minimum about 17°from the magnetic equator. While the power law dependence cannot represent this dependence (being monotonic), a low value of a (0 -1) better characterizes the mass density in the low latitude region than does a = 4. (The low-latitude region is that sampled by CRRES and also the region that has the strongest effect on the Alfvén frequency of the field line [Denton and Gallagher, 2000] [29] The horizontal axis in Figure 12 is MLAT 0 = MLAT(CRRES) À MLAT(R max ), that is, the MLAT value of the spacecraft relative to the MLAT value corresponding to the position of the Tsyganenko model magnetic field line where the geocentric radius is a maximum (essentially the magnetic equator where the magnetic field magnitude B is a minimum). The dots correspond to individual events, and the solid circles and vertical bars are the medians and error bars connecting the upper and lower quartile values in 5-degree bins of MLAT 0 . To describe the statistical results, it is easiest to start from the ratio M(a = 4)/M(a = 0.5) shown in Figure 12c . The data points lie close to a parabola-like curve, indicating a value of 1.8 at MLAT 0 = À25°, 1.0 at MLAT 0 = À12°, and a minimum of 0.8 at the equator MLAT 0 = 0 (data points for MLAT 0 > 0 should be a mirror image about the equator, but there are very few CRRES observations made there). This MLAT 0 dependence is a simple consequence of the model mass function we have adopted. For a dipole magnetic field, all data points should lie on a single curve given by 0.82 cos À7 (MLAT 0 ), which is shown by a dashed line. The slight spread of the data points occurs because the shape of the model magnetic field differs from one event to another depending on the input parameters to the model magnetic field. Incidentally, roughly the same numbers of toroidal events were observed below and above MLAT 0 = À12°, the location where M(a = 4)/M(a = 0.5) = 1.0 occurs. As a consequence, the large M values at MLAT 0 < À12°and small M values at MLAT 0 > À12°for the a = 4 model cancel out and the histogram of M(a = 4) is similar to the M(a = 0.5) histogram shown in Figure 6 .
[30] While the ratio M(a = 4)/M(a = 0.5) is roughly determined by the geometry, the individual MLAT 0 dependencies of M(a = 4) and M(a = 0.5) differ significantly as shown in Figure 12a and Figure 12b . The median value of M(a = 4) is about 2.5 amu at the magnetic equator and increases to 5 amu at larger latitudes. By contrast, the median value of M(a = 0.5) stays within a more narrow range of 2.4 to 3.4 amu, with a minimum at À20°. There is no reason to believe that the average ion mass should increase with respect to MLAT 0 as strongly as shown in Figure 12a for a = 4. Note that at MLAT 0 = À25°, the geocentric radius R is roughly 82% of its maximum value at the equator (using an estimate based on the dipole magnetic field model). Thus positions along the field line at this and lower latitudes are far away from the ionosphere, where heavy ions do congregate.
[31] The M(a = 0.5) latitude dependence is more nearly constant. Though M(a = 0.5) does not vary greatly with respect to MLAT 0 , note that it does have a local minimum at MLAT 0 = À20°. The location of this minimum is close to that of the minimum in mass density inferred by Takahashi et al. [2004] for L = 6 -7 and by Denton et al. (submitted manuscript, 2005) for L T = 6 -8. Figure 12 of Takahashi et al. shows that the mass density at L = 6 -7 typically has a local maximum at MLAT 0 = 0°, decreases about a factor of two to MLAT 0 = ±17°, and then increases to a value slightly lower than the value at the magnetic equator at MLAT 0 = ±25°. A local peak in mass density at the magnetic equator might result from the centrifugal force, which in the case of corotation leads to a pseudo-gravitational well at the magnetic equator for L > 5.78 [Lemaire, 1974] . For equal temperatures, the pseudo-gravitational well will affect the heavy ions more than the light ions and thus could lead to a concentration of mass density at the magnetic equator. If the heavy ions are preferentially concentrated at the magnetic equator, the average ion mass M would also be larger at the magnetic equator. Since the latitudinal dependence of M(a = 0.5) is more reasonable based on theoretical expectations and our previous results for the latitudinal dependence of the mass density, the results in Figure 12 support our use of a = 0.5 rather than a = 4. (Note that at L T = 5 -6, there is no question that a = 0.5 better characterizes the field line dependence than a = 4 [Takahashi et al., 2004; Denton et al., 2004b; Denton et al., submitted manuscript, 2005] . In their submitted manuscript, Denton et al. show that a larger value of a = 2 might be appropriate at L T = 4 -5 for the mass density (not the electron density), and even steeper dependences may be appropriate at smaller L T where ionospheric mass loading can affect the field line dependence.)
[32] Ultimately, we would like to use a nonmonotonic field line dependence model; however, at this point that dependence has not been parameterized in such a way as to be useful when only one Alfvén wave harmonic is observed. If the mass density dependence shown in Figure 12 of Takahashi et al. is typical for L T > 6, there is an error of Figure 11 . Dst and Kp dependence of the local parameters r, n e , and M defined at CRRES position. Only samples in the L T range of 6 to 7 are used to eliminate data scatter originating from the radial gradient of r and n e . The Kp values are1.5-day averages.
order 30% when a = 0.5 is assumed. The average M value should not be that different, since the nonmonotonic mass density dependence will be greater than that assumed in some areas (close to the magnetic equator), but less than that assumed in other areas (close to the minimum at about MLAT 0 = ±17°).
Distorted Magnetic Field
[33] Our estimates of the mass density are accurate only if our models of the magnetic field model and the field line density distribution model are close to reality. In this section we examine extreme examples of unphysical mass density estimates resulting from an inadequately modeled magnetic field. Figure 13 shows an interval of highly distorted magnetic field taken from CRRES orbit 923. Figures 13a  and 13b compare the magnetic field intensity between the observed (heavy trace) and the T89 model for Kp = 4. We used the T89 model because no solar wind plasma data are available for this orbit. From 0430 UT to 0630 UT the observed field intensity was up to $15% higher than the model. In addition, Figure 11c shows that the observed and model field directions differed up to 25°within the meridian plane. The CRRES position and magnetic field configuration for $0530 UT is schematically illustrated in Figure 14 . Note that the spacecraft was $25°below the magnetic equator and observed a magnetic field (heavy line, an adjusted T96 model described below) distorted from the T89 model field (thin line) in such a way that the field line is pushed earthward at the equator.
[34] The magnetic field distortion shown in Figure 13 followed a sudden magnetic field compression that occurred on 0253 UT of the same day. Although there were no solar wind data, magnetometers on the ground and the GOES geosynchronous spacecraft detected a classical sudden global compression of the geomagnetic field resulting from the arrival of an interplanetary shock. The sudden compression, however, was not immediately followed by a geomagnetic storm. The Dst index remained positive from 0300 to 0800 UT, then turned negative and reached a minimum of À99 nT at 2000 UT of the next day. Therefore the magnetic field distortion shown in Figure 13 may be caused by an increase in external pressure rather than by the increased pressure of the ring current.
[35] The equatorial compression would have made the equatorial magnetic field intensity substantially higher than the model field intensity, which means for a given equatorial mass density the distorted field would give a higher fundamental frequency. Conversely, for a given fundamental frequency the compressed field would require a higher mass density. Thus the mass density inferred based on the T89c model could be a significant underestimate for the time interval shown in Figure 13 . However, recall that we have multiplied the field strength all along the model field by the B obs /B model ratio (Figure 13b ) defined at the CRRES position. This modification does reduce the effect just mentioned (the underestimate of the mass density as a result of compression) but does not take into account the difference in direction of the field line. Figure 13c indicates that the difference in direction between the observed and model fields is as much as 25°. Because of this, the ratio between the actual and model magnetic field may be even larger at the equator than at the spacecraft position.
[36] In order to investigate this possibility, we used the T96 magnetic field model and adjusted the solar wind parameters for orbit 923 at 0530 UT so that all three components of the T96 model field matched those of the observed field at the spacecraft position. The solar wind parameters required were solar wind dynamic pressure p dyn = 6.64 nPa, and B y_IMF and B y_IMF equal to À4.3 and 126.5 nT, respectively, in GSM coordinates. Dst was fixed at the observed value, 37 nT. These solar wind values may not necessarily be realistic. Nonetheless, we believe that the model T96 field based on them is a more accurate representation of the actual field, since the adjusted T96 model field matches the local field at the spacecraft position. Figure 14 shows the T89c model field (thin curve) and the T96 field with adjusted parameters (thick curve), where the vertical position is Z, and the horizontal position is (
, with X, Y, and Z being the GSM coordinates in units of R E . Note that the thick curve has the exact direction of the observed field at the spacecraft position (filled square in Figure 14) . While we cannot guarantee that the shape of the field line away from the spacecraft position matches that of the thick curve in Figure 14 , we believe that the observed field at the spacecraft location leads to a severe constraint on the magnetic field model and that the thick curve is likely to match the actual field better than the thin curve (which obviously does not match the actual field very well, since the direction is off by 20°at the spacecraft position, as indicated in Figures 13c and 14) .
[37] When we solve the wave equation for the field line frequency at 0530 UT, the inferred mass density based on the T89c model is 8.08 amu/cm 3 , which with a local electron density of 16.2 cm À3 , leads to an inferred average ion mass of M = 0.50 amu. However, using the T96 model adjusted to match the local field, the inferred mass density is 19.1 amu/cm 3 , which leads to M = 1.2. Therefore the use of the adjusted T96 field results in a value of M within the range of expected values (1 -16 amu), whereas the use of the T89c model at this time results in an unreasonable value of M (with the average ion mass less than a proton mass). The reason for the discrepancy is clear from Figure 14 . The adjusted field extends out to a smaller geocentric distance than the T89c field; therefore the adjusted field is larger at the magnetic equator.
[38] At the other extreme, M becomes greater than 16. Only two samples exhibited this problem and both occurred on CRRES orbit 970. One possible reason for this problem is the inadequacy of the magnetic field model. Since the f 1 samples for these M estimates come from CRRES magnetic latitude of less than 10°and the T96 model field was used, it is unlikely that the unphysical ion mass resulted from the magnetic field distortion of the type illustrated in Figure 14 . Adjusting the model field to match the measured field at CRRES did not make the M estimates lower. In principle, there is no unique way of determining the shape of the magnetic field line and the magnetic field intensity along it using the constraints available from single spacecraft measurements, especially when the spacecraft is very close to the equator. Another possible reason, which we believe is more serious in this example, is that the pulsations were short-lived and had a large uncertainty in frequency, although these events passed the selection criteria described in section 2.
Comparison With Previous Observations
[39] Although sparse, there have been measurements of the density of different ion species with particle instruments on satellites. Within the plasmasphere, Horwitz et al. [1984] found that the thermal O + density measured by the DE-1/ RIMS instrument (0 -50 eV) became comparable to the thermal H + density during storm recovery (Dst $ À70 nT). For plasma consisting of 50% H + and 50% O + the average ion mass is 8.5. Such a value is rare but is still within the range of the M values obtained from our analysis (Figure 6 ). For the storm reported by Horwitz et al. [1984] the O + density was elevated only at around L $ 3. Although it is possible that this O + population extends up to L $ 5, the inner limit of our radial distance coverage, it is not clear how it might contribute to the value of M for L > 5. Figure 7 does not indicate that M increases toward the lower L T .
[40] Regions outside the geosynchronous orbit are also populated with low-energy ionospheric ions and they should contribute significantly to the mass density. Geotail studies reported cold ions outside the geocentric distances of 9 R E [Matsui et al., 1999; Seki et al., 2003] . Hirahara et al. [2004] used a novel technique to separate H + , He + , and O + distributions during Pc5 pulsation events observed by Geotail. Although the Geotail plasma instrument [Mukai et al., 1994] has a lower energy limit of $40 eV, ions having temperatures much lower than 40 eV could be detected when the magnetic field flux tube oscillated in a standing wave mode because the oscillations added a convective velocity of $100 m/s to the entire ion population. The estimates of the O + and H + densities for an event observed at $0800 MLT gave an O + /H + density ratio in the range 0.4-1.0, which corresponds to M in the range 5.3 -8.5 amu (the He + density was much lower than the O + density). Hirahara et al. [2004] noted that the detection rate of cold ionospheric ions is higher when the solar activity is higher but did not discuss the dependence of the ion densities on the phase of geomagnetic storms.
[41] Given the state of direct ion measurements it is not surprising that existing magnetospheric plasma models have limited capabilities regarding the mass density. The Global Core Plasma Model (GCPM) of Gallagher et al. [2000] is perhaps the most advanced density model available. It covers the inner and middle magnetosphere, smoothly connects the ionosphere and the magnetosphere, and includes ion density. However, in the present version of the model the relative densities of major ion species (H + , He + , O + ) are defined only for the plasmasphere, as a function of solar irradiance (F 10.7 index) and the radial distance. For the solar activity level F 10.7 $ 200 appropriate for 1991, the GCPM model gives M $1.2 amu at the radial distance of 5 R E . This is significantly lower than the median value of 3.0 amu obtained in our study (see Figures 6) . Both the radial distance dependence and geomagnetic activity dependence of M that are obtained in the present study could be used to improve the models such as the GCPM.
Conclusions
[42] We have estimated the plasma mass density using the frequency of standing Alfvén waves observed from the CRRES spacecraft and have compared the mass density with the electron number density at CRRES to obtain the average ion mass M. The samples were taken in 1991, which was a period of high solar activity. The value of M was mostly in the physically anticipated range of 1 -16 amu, and we discussed possible reasons for the small number of samples that are outside the range. Therefore we believe that our technique is a reliable tool in studying the ion mass density anywhere in the magnetosphere where good magnetic field models are available and standing Alfvén waves are excited.
[43] The median value of M is found to be 3.0 amu. This result confirmed previous particle measurements that heavy ions are important constituents of the magnetospheric plasma. In addition, we confirmed that the average ion mass is positively correlated with the intensity of the ring current represented by Dst. The median M increases from 2.5 amu for Dst = 0 to 4.1 amu for Dst = À60 nT. M is also correlated with Kp averaged over a few days but not with the 3-hour Kp. This implies that the filling of the magnetosphere with heavy ions such as O + takes a few days and that the process is strongly tied to geomagnetic storms.
